Atmos. Chem. Phys., 23, 13167—-13189, 2023 Atmospheric
https://doi.org/10.5194/acp-23-13167-2023 :

© Author(s) 2023. This work is distributed under Chem|s.try
the Creative Commons Attribution 4.0 License. and Physics

Differences in microphysical properties of cirrus at high
and mid-latitudes

Elena De La Torre Castro'-23, Tina Jurkat-Witschas', Armin Afchine*, Volker Grewe!-3,
Valerian Hahn'-?, Simon Kirschler'?, Martina Krimer*?, Johannes Lucke'-, Nicole Spelten®,
Heini Wernli’, Martin Zoger®, and Christiane Voigt'>

Hnstitute of Atmospheric Physics, German Aerospace Center, DLR, Oberpfaffenhofen, Germany
%Institute of Atmospheric Physics, Johannes Gutenberg University Mainz, Mainz, Germany
3Faculty of Aerospace Engineering, Delft University of Technology, Delft, the Netherlands

“Institute for Energy and Climate Research, Research Center Jiilich, Jiilich, Germany
SInstitute for Atmospheric and Climate Science, ETH Ziirich, Zurich, Switzerland
®Institute for Flight Experiments, German Aerospace Center, DLR, Oberpfaffenhofen, Germany

Correspondence: Elena De La Torre Castro (elena.delatorrecastro @dlr.de)

Received: 1 March 2023 — Discussion started: 3 April 2023
Revised: 17 August 2023 — Accepted: 1 September 2023 — Published: 18 October 2023

Abstract. Despite their proven importance for the atmospheric radiative energy budget, the effect of cirrus on
climate and the magnitude of their modification by human activity is not well quantified. Besides anthropogenic
pollution sources on the ground, aviation has a large local effect on cirrus microphysical and radiative properties
via the formation of contrails and their transition to contrail cirrus. To investigate the anthropogenic influence
on natural cirrus, we compare the microphysical properties of cirrus measured at mid-latitude (ML) regions ( <
60° N) that are often affected by aviation and pollution with cirrus measured in the same season in comparatively
pristine high latitudes (HLs; > 60° N). The number concentration, effective diameter, and ice water content of
the observed cirrus are derived from in situ measurements covering ice crystal sizes between 2 and 6400 pm
collected during the CIRRUS-HL campaign (Cirrus in High Latitudes) in June and July 2021. We analyse the
dependence of cirrus microphysical properties on altitude and latitude and demonstrate that the median ice
number concentration is an order of magnitude larger in the measured mid-latitude cirrus, with 0.0086 cm ™3,
compared to the high-latitude cirrus, with 0.001 cm™3. Ice crystals in mid-latitude cirrus are on average smaller
than in high-latitude cirrus, with a median effective diameter of 165 pm compared to 210 um, and the median ice
water content in mid-latitude cirrus is higher (0.0033 gm™2) than in high-latitude cirrus (0.0019 gm~3). In order
to investigate the cirrus properties in relation to the region of formation, we combine the airborne observations
with 10 d backward trajectories to identify the location of cirrus formation and the cirrus type, i.e. in situ or liquid
origin cirrus, depending on whether there is only ice or also liquid water present in the cirrus history, respectively.
The cirrus formed and measured at mid-latitudes (M—M) have a particularly high ice number concentration and
low effective diameter. This is very likely a signature of contrails and contrail cirrus, which is often observed in
the in situ origin cirrus type. In contrast, the largest effective diameter and lowest number concentration were
found in the cirrus formed and measured at high latitudes (H-H) along with the highest relative humidity over ice
(RHj). On average, in-cloud RH; was above saturation in all cirrus. While most of the H-H cirrus were of an in
situ origin, the cirrus formed at mid-latitudes and measured at high latitudes (M—H) were mainly of liquid origin.
A pristine Arctic background atmosphere with relatively low ice nuclei availability and the extended growth of
few nucleated ice crystals may explain the observed RH; and size distributions. The M—H cirrus are a mixture
of the properties of M—M and H-H cirrus (preserving some of the initial properties acquired at mid-latitudes
and transforming under Arctic atmospheric conditions). Our analyses indicate that part of the cirrus found at
high latitudes is actually formed at mid-latitudes and therefore affected by mid-latitude air masses, which have a
greater anthropogenic influence.
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1 Introduction

Cirrus clouds are ice clouds at high altitudes (> 8 km at mid-
latitudes and > 12km in the tropics) and cover about one-
third of the Earth’s surface (Sassen et al., 2008). On the
global average, cirrus and, in particular, thin cirrus exert a
net warming effect on the atmosphere by absorbing thermal-
infrared radiation from the Earth’s surface and re-emitting it
back to the surface (Liou, 1986; Gasparini et al., 2018). In
addition, cirrus reflect solar radiation. This implies that less
radiation reaches the surface, which leads to a cooling effect
(Hong and Liu, 2015; Gasparini et al., 2018; Marsing et al.,
2023). In the absence of solar radiation (e.g. during nights
and polar winter seasons), cirrus exert a greenhouse effect
and warm the atmosphere (A. J. Heymsfield et al., 2017;
Gasparini et al., 2018; Marsing et al., 2023). In contrast to
thin cirrus, thicker cirrus reflect more solar radiation back to
space and thereby tend to have a net cooling effect on the
atmosphere (Choi and Ho, 2006). In addition, regional and
seasonal variations modulate the cirrus radiative forcing. On
average, cirrus at high latitudes have a net warming effect
throughout the year and cirrus at mid-latitudes tend to warm
during the winter and cool during the summer (Hong and Liu,
2015).

The cirrus impact on the radiative energy budget depends
on their macrophysical and microphysical properties, namely
number concentration (N), effective diameter (ED), ice water
content (IWC), and the shape of the ice crystals (Liou, 1986;
Wendisch et al., 2005, 2007). These properties display a large
variability. The properties of cirrus are affected by thermody-
namic (temperature and relative humidity) and dynamic con-
ditions (updraft velocity), as well as aerosol load and chem-
ical composition, including anthropogenic influences (Hen-
dricks et al., 2011; Patnaude and Diao, 2020; Maciel et al.,
2022). The combination of these factors determines the nu-
cleation process and the number, size, and shape of the ice
crystals in the cloud.

Cirrus are generally formed by air cooling from rising air
masses or by radiative cooling, either by homogeneous nu-
cleation of soluble aerosol particles or water droplets or het-
erogeneous nucleation of insoluble ice-nucleating particles
(Kércher and Lohmann, 2002; Hoose and Mohler, 2012).
Homogeneous nucleation of soluble aerosol particles occurs
most frequently at strong cooling rates and high supersat-
urations with respect to ice (RH; ~ 150 %). Gravity waves,
for example, can trigger the nucleation of homogeneously
formed ice crystals, which can reach concentrations from 1
to 10cm™3 (Kércher and Lohmann, 2002; Hendricks et al.,
2011; Jensen et al., 2013). However, in the presence of ice-
nucleating particles (INPs), heterogeneous nucleation takes
place at lower RH; than homogeneous freezing. The com-
petition between both nucleation mechanisms together with
sedimentation processes and temperature fluctuations con-
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trol the cirrus microstructure (Spichtinger and Gierens, 2009;
Kircher et al., 2022).

Another classification, based on the Lagrangian origin of
the air in which the cirrus form, was applied in several studies
(Kramer et al., 2016, 2020; Luebke et al., 2016; Wernli et al.,
2016; A.J. Heymsfield et al., 2017; Voigt et al., 2017). In situ
origin cirrus form most likely below —38°C in strong up-
drafts by homogeneous nucleation (Kéircher and Lohmann,
2002) and potentially at higher temperatures in slow updrafts
by heterogeneous nucleation (Kircher and Lohmann, 2003).
Liquid origin cirrus form from mixed-phase clouds at lower
altitudes that glaciate as they ascend and rise to the cirrus
heights. Usually, liquid origin cirrus have higher IWCs than
in situ origin cirrus (Krdmer et al., 2016; Luebke et al., 2016).

Cirrus at mid-latitudes have been an important object of
study over the last decade (Heymsfield et al., 2013; Kramer
et al., 2016, 2020; Luebke et al., 2016; Voigt et al., 2017),
and measurements of Arctic cirrus have become an urgent
topic to be addressed in recent years (Wolf et al., 2018; Mars-
ing et al., 2023). Such measurements are particularly rele-
vant for understanding the regional and seasonal variations in
the Arctic cirrus and their relationship with the phenomenon
of Arctic amplification (Schmale et al., 2021; Shupe et al.,
2022; Wendisch et al., 2023). The rapid and continuous
warming of the Arctic is expected to reduce the tempera-
ture gradient between mid- and high latitudes, with disputed
consequences on mid-latitude extreme weather (Wendisch et
al., 2017). Additionally, the possibility of geoengineering the
Arctic through cirrus seeding to revert climate change has
been discussed in the last decade (Storelvmo et al., 2014;
Muri et al., 2014). Thus, understanding the processes affect-
ing the microphysical properties of cirrus at high latitudes is
essential for answering current and future urgent questions in
climate research.

The number concentration of ice crystals is strongly
dependent on the updraft and supersaturation driving the
nucleation process of ice crystals on different INP types
(Kércher and Lohmann, 2003). These parameters are mainly
determined by the prevalent meteorological conditions
(Muhlbauer et al., 2014). Balloon-borne measurements of
ice crystal shapes and the number concentrations of Arctic
cirrus close to Kiruna (Sweden) were analysed by Wolf et
al. (2018), who found lower concentrations compared to the
measurements at mid-latitudes (Kriamer et al., 2016; Lue-
bke et al., 2016). Gayet et al. (2004) compared microphys-
ical properties of cirrus in the Northern and Southern hemi-
spheres and found higher particle concentrations and lower
effective diameters in the more polluted Northern Hemi-
sphere. However, it has not been confirmed by the global
distributions of N from satellite retrievals of recent studies
(Sourdeval et al., 2018; Kramer et al., 2020).

The ice water content of cirrus in the Arctic, mid-latitude,
and tropical regions varies over several orders of magnitude
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within the same temperature ranges (Schiller et al., 2008;
Luebke et al., 2013; A. Heymsfield et al., 2017; Kramer et
al., 2020; Marsing et al., 2023). Studies with direct compar-
isons of N, ED, and IWC from dedicated measurements at
high and mid-latitudes are scarce but necessary to better un-
derstand the different processes driving cirrus formation. In
addition, seasonal changes in cirrus and variability in the dy-
namical processes in the troposphere complicate direct com-
parisons between data from different field campaigns.

Aircraft emissions can influence natural cloudiness not
only through the injection of aerosols in the upper tropo-
sphere but also through the direct formation of contrails
(Voigt et al., 2010, 2011; Burkhardt and Kércher, 2011;
Tesche et al., 2016; Marjani et al., 2022; Li et al., 2022).
While contrail cirrus produced from global aviation have a
net warming effect (Lee et al., 2021), contrails warm the at-
mosphere during nighttime and have a larger cooling con-
tribution during daytime (Fromming et al., 2021; Teoh et al.,
2022). Hence, it is of great importance to understand their in-
teraction with water vapour, atmospheric radiation, and natu-
ral cirrus. The atmospheric conditions necessary for the per-
sistence of contrails and cirrus are the same, and processes
leading to cirrus formation often allow contrail formation,
although contrails can also form ahead of cirrus. Therefore,
contrails and cirrus frequently coexist in the same regions
(Schumann, 1996; Gierens, 2012). Contrail formation and
growth processes are driven by ambient water vapour caus-
ing dehydration at the flight levels and enrichment at lower
levels (Schumann et al., 2015). This influences the formation
and life cycle of natural cloudiness.

The way in which contrails and natural cirrus interact is
an object of current research. Microphysical properties of
contrails have been measured in many studies (e.g. Baum-
gardner et al., 1998; Voigt et al., 2010, 2011; Chauvigné et
al., 2018; Li et al., 2022). Young contrails initially have ice
crystal concentrations larger than 100 cm ™ and ice crystal
sizes of a few micrometres (Petzold et al., 1997; Gayet et al.,
2012; JeBberger et al., 2013; Kleine et al., 2018). Large tro-
pospheric water vapour concentrations promote the growth
of the ice crystals (Bréuer et al., 2021a, b), which leads to an
overall higher optical thickness of the contrail (Wilhelm et
al., 2022). If the supersaturation sustains, then the contrails
can live longer and both effects lead to a higher contrail ra-
diative forcing at lower altitudes. During the transition from
contrail to cirrus, the ice crystals grow by the uptake of wa-
ter vapour, and the ice number concentration decreases due
to mixing with ambient dry air and the increasing fall veloc-
ity of the ice crystals (Schroder et al., 2000; Unterstrasser and
Gierens, 2010; Kiibbeler et al., 2011; Voigt et al., 2017; Schu-
mann et al., 2017; Grewe et al., 2017). Voigt et al. (2017)
showed that the ice crystal number of aged contrail cirrus is
still enhanced when compared to natural cirrus.

Embedded contrails in natural cirrus and contrail cirrus
have also been investigated with active and passive remote
sensing. Tesche et al. (2016) found an increase in cloud op-
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tical thickness following the formation of a contrail in an ex-
isting cirrus. Following the same methodology, Marjani et
al. (2022) focused on the number concentration and found
an increase within a few hundred metres behind the aircraft
and below its flight track. In line with airborne observations,
Verma and Burkhardt (2022) simulated contrail formation
within pre-existing cirrus and found that contrails increased
the ice crystal number concentration of cirrus by a few orders
of magnitude, and not only is the ice number concentration
modified but also the effective diameter. A reduction in the
ED was observed from measurements near flight corridors
by Kristensson et al. (2000). Recent studies also showed a
reduction in the effective radius of contrails embedded in nat-
ural cirrus (Wang et al., 2023; Li et al., 2022). However, de-
pending on atmospheric conditions, when contrails are em-
bedded in natural cirrus, the evolution of the contrail is per-
turbed by the cirrus, and ice crystals from contrail and cirrus
coexist, making it difficult to distinguish between them (Un-
terstrasser et al., 2017a, b).

Anthropogenic ice-nucleating particles can influence ice
crystal numbers and thereby the radiative properties of cirrus
(Forster et al., 2021). INPs can increase the cirrus occurrence
and can partially or completely suppress homogeneous freez-
ing (Spichtinger and Cziczo, 2010; Kircher et al., 2022). Re-
gional differences between the concentrations, sources, and
types of INPs may thus influence the cirrus microphysics.
For instance, Beer et al. (2022) found lower concentrations
of INPs in the high latitudes with less human influence in
the Northern Hemisphere in their model simulations. Avia-
tion soot can also act as INPs and indirectly affect the cirrus
microphysical properties (Kanji et al., 2017; Urbanek et al.,
2018; GroB et al., 2022). The emissions of aviation soot at
cruise altitudes are the largest in mid-latitudes in the North-
ern Hemisphere and have the potential to significantly alter
cirrus. However, their impact and even sign depend on the
ice nucleation efficiency of aviation soot (Righi et al., 2021).

This work provides a statistical analysis of the differences
in microphysical properties of cirrus measured during the
CIRRUS-HL campaign (CIRRUS in High Latitudes) at high
and mid-latitudes with the German research aircraft HALO
(High Altitude and LOng range research aircraft). The mea-
surements have been performed in June and July 2021 above
Europe in latitudes from 38 and 76° N. The data sampled dur-
ing this campaign at mid-latitudes extend the ML-CIRRUS
(Mid-Latitude CIRRUS) data set (Voigt et al., 2017) and in-
corporate high-latitude cirrus, which offers the rare opportu-
nity to contrast mid- and high-latitude cirrus properties in the
same season. The summer season data are of particular inter-
est because in this period of the year the radiative effects of
the cirrus are different at mid- (cooling) and high (warming)
latitudes (Hong and Liu, 2015). In addition, the tropopause
region above Europe was particularly supersaturated in sum-
mer 2021, which favours the formation of persistent contrails
in the upper troposphere (Dischl et al., 2022).
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An overview of the campaign is given in Sect. 2, and de-
tails on the instrumentation and data evaluation are explained
in Sect. 3.1 and 3.2.1. In Sect. 3.2.2, we describe the ap-
proach of combining our cloud particle measurements from
HALO with air parcel trajectories (Wernli and Davies, 1997,
Wernli et al., 2016; Luebke et al., 2016) in order to relate
cirrus properties to the meteorological conditions at the lo-
cation of cloud formation and to classify the cirrus accord-
ing to their origin (Krdmer et al., 2016; Luebke et al., 2016;
Wernli et al., 2016). An overview of the differences between
mid- and high-latitude cirrus is described in Sect. 4.1, and in
Sect. 4.2, we compare the microphysical properties of cirrus
sampled at mid- and high latitudes and in relation to the lo-
cation of cloud formation in order to investigate a potential
anthropogenic influence, which is mainly from aviation. The
differences are also analysed, depending on the cirrus origin
type, in Sect. 4.3. Finally, the results are further discussed in
Sect. 5, and a summary of the findings is given in Sect. 6.

2 The CIRRUS-HL campaign

Cirrus at mid- and high latitudes were measured with cloud
probes on the research aircraft HALO during the CIRRUS-
HL campaign in June and July 2021. The mission was based
in Oberpfaffenhofen (Germany), and a total of 24 flights (22
science flights in cirrus) were performed between 24 June
and 29 July 2021, covering regions in the Arctic, North At-
lantic, and central Europe. The objective of the campaign was
to investigate cirrus formation and microphysical properties,
as well as the radiative impact of cirrus at high latitudes, and
to contrast those with cirrus at mid-latitudes. To this end,
we measured cirrus in different weather regimes, including
warm conveyor belt cirrus, high-pressure in situ origin cirrus,
and convective cirrus. In addition, contrail cirrus and cirrus
affected by aviation aerosol were targeted (Urbanek et al.,
2018; Gro8 et al., 2022). Over western Europe, the unusually
frequent occurrence of upper-level troughs and cutoff lows
led to statically unstable situations, with many thunderstorms
and hail over western and central Europe. Over the east-
ern North Atlantic, several extratropical cyclones with warm
conveyor belts occurred, in particular on 7 and 12 July 2021
(according to ECMWF weather forecasts and flight reports).
In July 2021, air traffic was reduced due to the COVID-19
pandemic (Voigt et al., 2022); compared to 2019, there were
—46.5 % available seat kilometres (ASKSs), according to the
International Civil Aviation Organization (ICAO, 2021), but
we still expect an influence of aviation in our observations of
ML cirrus.

An overview of the flights during CIRRUS-HL is given
in Fig. 1, and specific details of each flight are provided in
Table 1. Targets specified as “ML” or “HL” cirrus stand for
cirrus at mid-latitudes and cirrus at high latitudes, respec-
tively. The flights targeted in convective cirrus (F12 and F15)
are marked in green in Fig. 1 and have been excluded from
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the present analysis, since convection is not an objective of
this study. However, during some return transfers, outflows
of single convective systems were encountered over Ger-
many. These isolated events have not been excluded, as they
are inseparable from the surrounding cirrus deck. A total of
34h (17.7 h in mid-latitude cirrus, 7.8 in high-latitude cirrus,
and the remaining time in mixed-phase and liquid clouds) of
in situ cloud particle measurements were achieved at differ-
ent latitudes between 38 and 76° N at temperatures down to
—63 °C and altitudes up to 14.3 km.

3 Methods

3.1 Instrumentation

During the campaign, HALO was equipped with a wide
variety of in situ and remote sensing instruments to mea-
sure cloud particles, aerosols, trace gases (H,O, NO, NO,,
CO, CO,, CHy, and O3), radiation, and basic meteorological
parameters (pressure, temperature, position, wind direction,
and velocity). The data used in this study were collected by
the Cloud Combination Probe (CCP) and the Precipitation
Imaging Probe (PIP) mounted under the wings of the HALO
aircraft, and they are presented below. Detailed information
about the other cloud probes and instrumentation installed
for this campaign is given in Voigt et al. (2017).

3.1.1  The Cloud Droplet Probe

The Cloud Droplet Probe (CDP) is part of the CCP from
Droplet Measurement Technologies (DMT LLC., USA;
Baumgardner et al., 2011, 2017; Klingebiel et al., 2015;
Weigel et al., 2016) and is a forward-scattering probe that can
size and count particles in a diameter range of 2-50 um that
is passing through the laser beam. The amplitude of the con-
verted signal is related to the size of the particle applying Mie
theory (Mie, 1908) or T-matrix method (Waterman, 1971)
for spherical and aspherical particles, respectively. While the
size bin edges indicated by the manufacturer are calculated
for spherical particles, ice crystals have different habits (Jang
et al., 2022). The complexity of the ice crystals and the va-
riety of aspect ratios make it difficult to obtain a standard
solution with the T-matrix method. Borrmann et al. (2000)
compared both methods for a FSSP-300 (Forward-Scattering
Spectrometer Probe; model 300) and did not find substan-
tial differences for small particles. Here, we only consider
recordings of the CDP between 2 and 37.5 ym, and we as-
sume Mie theory and use the nominal bins from the man-
ufacturer for simplification. The instrument was calibrated
using glass beads (Lance et al., 2010).

The sample area of the CDP is 0.27 £ 0.025 mm?, accord-
ing to Klingebiel et al. (2015). The probe air speed (PAS)
used to calculate the sampling volume of the CDP was mea-
sured by the pitot tube of the Cloud Aerosol Spectrometer
with Depolarization Option (CAS-DPOL,; Kleine et al., 2018
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Figure 1. Map of the study region in the Arctic, North Atlantic, and central Europe during the CIRRUS-HL mission in 2021. Each flight is
labelled and drawn in a different colour and line style. Flights at high latitudes are indicated with blue colours, red colours represent flights

at mid-latitudes, and green is applied for flights in convection.

Table 1. Summary and objectives of the CIRRUS-HL science flights in June and July 2021. Measurement time, altitude, and temperature
ranges are indicated only for the cirrus regime.

Flight Date fmeas (h)  Altitude (km)  Temperature (°C)  Targets

FO2 25 June 2021 0.7 [8.5,9.8] [—49.5,—38] ML cirrus, embedded contrails

FO3 26 June 2021 1.67 [8.8,11.4] [—56,—38] ML cirrus, embedded contrails

FO4 28 June 2021 2.09 [9.2,12.2] [—60.9, —38] ML cirrus, embedded contrails

FO5/F06 29 June 2021 1.9/1.35 [9.2,12.5] [—62.7,—-38] HL and ML cirrus, embedded contrails
FO7 1 July 2021 1.02 [8.7,11.3] [—-55.9,—-38] ML cirrus, embedded contrails

FO8/F09 5 July 2021 1/1.36 [9.2,11.6] [—57,-39.6] HL cirrus

F10/F11 7 July 2021 0.5/0.78 [10,13.8] [—54.3,—44.2] HL cirrus, contrails

F12 8 July 2021 1.55 [9,11.7] [—53.2,—38] ML cirrus, convection

F13/F14 12 July 2021  0.35/2.96 [8.8,11.7] [—55.1,—38] HL and ML cirrus, contrails

F15 13 July 2021 1.5 [9.5,12] [—53.8,—38] ML cirrus, convection, dust

F16/F17 15 July 2021 0.36/1.17 [8.7,14.3] [-61.6,—38] In situ origin ML cirrus, contrail outbreak
F18/F19 19 July 2021 1.21/0.3 [9.1,11.8] [—60, —38] HL cirrus, contrails, soot cirrus

F20/F21 21 July 2021  0.66/0.35 [9.9,13.6] [-56.4,—41.1] In situ origin ML cirrus, contrails, CALIPSO overpass
F22 23 July 2021 1.06 [9.2,11.5] [-57.2,-38] HL cirrus, day—night, embedded contrails
F23 28 July 2021 0.69 [7.5,11.9] [-52.9,—38] HL cirrus and ML, CALIPSO overpass
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mounted on the opposite wing at the same position as the
CCP and not by the pitot tube of the CCP, due to techni-
cal issues of the tube. With this quantity, the particle number
concentration was determined in a time resolution of 1 s.

The probe has two aerodynamic arms with pointed asym-
metric tips upstream of the laser beam that reduce or prevent
shattering in the CDP data (McFarquhar et al., 2007; Lance
et al., 2010; Korolev et al., 2013). In addition, the interarrival
time analyses from the CDP data recorded during CIRRUS-
HL did not reveal the presence of shattering. McFarquhar et
al. (2007, 2011) compared the shattering effects in the CDP
with other cloud probes (CAS-DPOL and FSSP) and found
the CDP to be less susceptible to it. Owing to the low par-
ticle concentrations in cirrus (< 1cm™3), errors induced by
coincidence are considered negligible (Lance et al., 2010).
The effects of the limited sampling volumes in the scattering
probes were extensively explained by Krimer et al. (2020)
in their Appendix A2.3, with a focus on the CAS-DPOL. In
our case, the CDP has a lower N limit ~ 0.025 cm~3 when
only one particle is recorded in one second. These so-called
“single-particle events” cause an increase in the frequency
of the low N range of the CDP. We mitigated this effect by
eliminating the single-particle events due to their low statis-
tics and inaccuracy.

3.1.2 The Cloud Imaging Probe and the Precipitation
Imaging Probe

The Cloud Imaging Probe (CIPgs, with gs for greyscale), the
second part of the CCP, and the PIP are optical array probes
(DMT LLC., USA; Baumgardner et al., 2001; Weigel et al.,
2016; Voigt et al., 2017). Both probes consist of 64 photo-
diodes illuminated by a laser beam. When a particle passes
through the laser beam, it projects a shadow on the diode
array, and each pixel is triggered if the light intensity falls
below a threshold value (Knollenberg, 1970). The images
are constructed by appending consecutive slices correspond-
ing to the diode array state as the particle crosses the beam.
The monoscale cloud probe PIP has only two light intensity
levels, and particles are recorded when at least one pixel of
the image is 50 % obscured. On the contrary, the CIPgs is a
greyscale probe and includes two more shadow intensity lev-
els (25 %, 50 %, and 75 %; nominal thresholds) that define
four pixel states, namely no shadow and at least 25 %, 50 %,
or 75 % obscured. This functionality allows us to record im-
ages already at 25 % dimming, which helps to constrain the
depth of field (DoF) and adds details for the particle shape
analysis. The threshold values used in this campaign were
35%, 50 %, and 65 %. We only considered images with at
least one pixel at 50 % shadow intensity in order to assure a
better agreement with the monoscale PIP and achieve a com-
promise between reducing the impact of out-of-focus parti-
cles (O’Shea et al., 2019, 2021) and keeping enough statis-
tics. In addition, the size of the ice particles is calculated con-
sidering pixels with 50 % or more shadow intensity. The size
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is calculated as the diameter of the minimum enclosing cir-
cle, which corresponds to the particle maximum dimension
(Heymsfield et al., 2002). The CIPgs (PIP) has a nominal
pixel size of 15 pm (100 um) that allows us to measure parti-
cles from 15-960 um (100-6400 um).

The PAS measured by the pitot tube attached to each in-
strument is applied as the sampling rate for image recording.
The true air speed (TAS) is measured by the Basic HALO
Measurement and Sensor System (BAHAMAS). In this case,
the CIPgs was set to record the images at a higher fixed sam-
pling rate than the real PAS (due to the technical issues with
its pitot tube), which systematically generates artificial elon-
gated particles. The images are corrected by applying, as a
narrowing factor, the ratio between PAS (measured by the
CAS-DPOL) and the specified sampling rate. Further correc-
tions of the images are also necessary due to alterations in the
PAS data (e.g. icing on the pitot tube), leading to distorted
particles. Erroneous PAS measurement sequences are recon-
structed using a PAS / TAS ratio, and the deformed images
can be corrected by applying the ratio of “corrected PAS” to
“wrong PAS” (Weigel et al., 2016).

Particles were rejected if at least one of the end diodes
was obscured, and the sample volume was adapted accord-
ingly, following the all-in method described by Knollenberg
(1970) and Heymsfield and Parrish (1978). In addition, par-
ticles with only one pixel were excluded, and various pixel
errors were identified and removed. The coincidence of parti-
cles was found to be irrelevant in the cirrus regime, due to the
low particle concentrations. The CIPgs has modified triangu-
lar tips that deflect the artefacts generated by the shattering of
large ice crystals to avoid entering the sample volume. This
modification is very efficient at reducing shattering effects
(Korolev et al., 2013); however, an interarrival time analy-
sis helped to identify and remove the remaining shattering
events, which were not significant (Field et al., 2006). Al-
though the PIP does not include the anti-shattering tips, we
found a lesser influence of shattering in the PIP than in the
CIPgs, since the PIP can only detect particles from 100 pum,
and shattered particles are usually smaller. Baumgardner et
al. (2017) estimated the error in sizing in 20 % for ice par-
ticles of diameters larger than 100-200 pm and the error in
concentration in 50 %. For smaller particles, the error is
larger and increases inversely proportional to the diameter.

3.2 Methodology

3.2.1 Cloud particle, relative humidity, and aircraft
reference measurements

The size ranges of the three instruments overlap, and thus,
it is necessary to calculate a combined size distribution.
From 2 to 37.5 um, the CDP instrument is used; in the size
range from 37.5 to 247.5 um, the CIPgs is used; in the range
from 247.5 to 637.5 um, the mean concentration between the
CIPgs and PIP is calculated; and from 637.5 to 6400 um,
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the PIP data were used to derive the total combined distri-
bution. We based this strategy on a particle shape analysis
of the CIPgs and PIP, which determined a size underestima-
tion of complex ice crystal shapes in the lower size range
of the PIP. An average particle distribution between 247.5
and 637.5 um was found to be the optimal solution that also
compensated for a slight size overestimation from the up-
per range of the CIPgs, due to uncorrected out-of-focus ice
crystals and the use of the maximum dimension as the sizing
method, which leads to a higher overestimation when pixel
errors are present.

The combined distribution of particle concentration in size
bins for the whole cloud diameter range allows us to calculate
the microphysical cirrus parameters. Even though ice clouds
can exist at higher temperatures, we consider only measure-
ments below —38 °C to ensure completely glaciated clouds
and calculate the N, ED, and IWC. This might exclude some
cirrus measurements above the threshold but guarantees that
no liquid water is present. We use the mass—dimension rela-
tionship from Heymsfield et al. (2010) to determine the IWC,
and the ED is computed as the ratio of the third to the sec-
ond moment of the cloud spectrum (Parol et al., 1991; Schu-
mann et al., 2011). For the calculations of IWC and ED, we
use the diameters that correspond to the centre of the size
bins. We derive the extinction coefficient (Bex;) from the pro-
jected area of the CIPgs and PIP particle images and spheres
with the arithmetic mean diameters of the CDP particle size
distribution (PSD; Schumann et al., 2011; Mitchell et al.,
2011). The extinction efficiency Qex; is approximated to 2,
assuming short wavelengths relative to the particles dimen-
sion (Thornberry et al., 2017).

In this study, we investigate the microphysical cirrus prop-
erties from 20 flights. As mentioned in Sect. 2, data from
the flights in convection were removed. In general, studies
usually use data directly in a 1 Hz sample rate. We apply a
2s mean in order to improve the statistical significance of
the low particle concentrations. A larger averaging interval
(e.g. 5 or 105s) corresponds to a large horizontal extension
(= 2km for 10s averages) where local inhomogeneities can
be present, and therefore, it excessively attenuates certain
features that are of interest, such as contrails.

The pressure, temperature, and wind field measurements
were performed by the BAHAMAS system operated by the
DLR (German Aerospace Center) Flight Experiments de-
partment (Giez et al., 2021). This system also provides the
basic aircraft position data, of which we use longitude, lati-
tude, and height. For the calculation of the RH;, we use the
water vapour mixing ratio measurements from the Sophis-
ticated Hygrometer for Atmospheric ResearCh (SHARC),
which is also developed and operated by DLR Flight Experi-
ments. The measurement range is between 2 and 50 000 ppm,
and the overall relative and absolute uncertainty is 5 % and
=+ 1 ppm, respectively (Kaufmann et al., 2015, 2018).
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3.2.2 Air mass trajectories

Calculations of 10d backward trajectories were performed
from the flight tracks with the Lagrangian analysis tool LA-
GRANTO (Wernli and Davies, 1997; Sprenger and Wernli,
2015) and using wind, temperature, and cloud fields from
the operational European Centre for Medium-Range Weather
Forecasts (ECMWF) analyses. Starting from the HALO
flight paths, the hourly backward evolution of the IWC and
liquid water content (LWC) along the trajectories was eval-
uated to estimate the time of cloud formation and distin-
guish between in situ and liquid origin cirrus, following the
approach described in Wernli et al. (2016). The formation
point corresponds to the last time step along the trajectory
before IWC = 0 occurs for the first time (going backward in
time). However, if IWC = 0 only occurs at a 1h time step,
then we consider this to be “noise”, ignore this instance with
IWC =0, and repeat the criterion for the next point with
IWC = 0. Once the formation point is determined, the cor-
responding in situ measurement is classified as being of “lig-
uid origin” if liquid water was present along the trajectory
between cloud formation and the measurement (LWC > 0).
If this was not the case, and the air parcel only contained ice
water during this time period, then it is classified as being “in
situ origin” cirrus. In addition to the cirrus origin classifica-
tion, we also analysed the updraft speed along the backward
trajectories to better understand the formation process.

4 Results

4.1 Overview and differences in the microphysical
properties of cirrus (N, ED, and IWC) at mid- and
high latitudes

The cirrus measurements are classified by latitude in order
to investigate and compare microphysical properties of cir-
rus at mid- and high latitudes. For this first classification,
we consider the latitude at the measurement point. Data ob-
tained at latitudes < 60° N are considered to be mid-latitude
(ML) cirrus, and data collected at > 60° N are considered
to be high-latitude (HL) cirrus. This differentiation is some-
what arbitrary, as there is no universally accepted definition
of the three general latitude zones. Perry (1987), for exam-
ple, defined the mid-latitude in the Northern Hemisphere as
the zone between 35 and 56° N, but the limits vary according
to the month and year. In Sect. 5.1, we discuss the variation
in the latitude threshold, and we find no major influence on
the conclusions of this work (see also Fig. S4 in the Supple-
ment).

Figure 2 shows an overview of the frequency distribution
of the measured cirrus microphysical properties with respect
to latitude. The normalized frequencies of occurrence allow
the comparison between latitudes, regardless of the number
of observations in each bin. All together, we provide a cirrus
data set from 41 564 cloud samples in 2 s time resolution, of
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which 15211 samples are HL cirrus and 26 353 samples are
ML cirrus. Overall medians of N, ED, and IWC (denoted
with a tilde) for ML and HL cirrus are indicated in Fig. 2 and
Table 2. We consider the median instead of the mean, since
the mean is more affected by outliers. The overall median
N for ML cirrus (0.0086 cm™3) is higher than for HL cirrus
(0.001 cm™3) by an order of magnitude. The median ED in
ML cirrus is 165 um, which is smaller than the HL cirrus at
210 ym, and the median IWC does not differ much between
ML and HL cirrus, as it represents a combined effect of N
and ED. A similar behaviour is observed in the normalized
frequency distribution of Bex, which is shown in Fig. S5 in
the Supplement.

Cirrus measured at mid-latitudes are characterized by
higher N than those measured at high latitudes. N in HL cir-
rus mostly takes values between 0.0001 and 0.01 cm™3. The
central range of the ML cirrus measurements is shifted to val-
ues that are 1 order of magnitude larger (0.001-0.1cm™3).
In addition, Fig. 2a also indicates that high particle num-
ber concentrations (N > 1cm~3) were more frequently ob-
served at mid-latitudes. A linear correlation of the EDs is
drawn in Fig. 2b and exhibits a slight and clear positive slope
of ~ 4pum per degree. The correlations of the 5th and 95th
percentiles show that the distribution of ED in ML cirrus is
broader, and smaller EDs are more frequently observed with
decreasing latitude. HL cirrus contain a lower IWC; however,
no significant correlation with latitude is noticed in Fig. 2c.
The range of values agree well with the findings by Schiller
et al. (2008) for the Arctic and mid-latitudes. Voigt et al.
(2017) also reported IWC between 107% and 0.2 gm_3, with
a high variability during the ML-CIRRUS campaign at mid-
latitudes in spring.

The cirrus properties from our measurements agree well
with observations from previous campaigns. Brown and
Francis (1995) and Heymsfield et al. (2010, 2013) found,
in general, similar median values of N and IWC (mainly at
mid-latitudes and the tropics). However, Brown and Fran-
cis (1995), for example, only included data from forward-
scattering probes. Here we use also the CIPgs and PIP, which
have higher sample volumes. For this reason, we also mea-
sure lower IWC than 0.001 gm™3. In general, our results also
agree with those reported by Kramer et al. (2016, 2020) and
Luebke et al. (2016) at mid-latitudes, but the larger EDs that
result from our analysis are due to the addition of the PIP
data and due to different sizing methods applied in the cal-
culation of the diameter from the CIPgs images. Here, we
consider the maximum dimension of the ice crystals and not
the area-equivalent diameter. The lower N observed in HL
cirrus compared to ML cirrus is consistent with the observa-
tions from Wolf et al. (2018). Marsing et al. (2023) showed
averaged IWCs (0.003 and 0.005 gm™3) of two case studies
during the POLSTRACC (Polar Stratosphere in a Changing
Climate) campaign, which is in line with our measurements
at high latitudes.
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Figure 2. Normalized frequency distribution of (a) N, (b) ED, and
(c¢) IWC observations as a function of the latitude of the measure-
ment during CIRRUS-HL. Latitude bins are 1° wide, and vertical
bins are logarithmic. The colour code indicates the frequency of oc-
currence in percent (%) per 1° latitude bin, which is normalized by
the total counts per latitude bin. The vertical dashed line marks the
threshold of 60° N for the differentiation of ML and HL cirrus. Tri-
angular markers are medians per latitude bin (ﬁ s ﬁ), and IWQC).
The top-most panel and right column contain histograms of the cor-
responding variables. The solid black line in panel (b) is a linear
fit of the ED medians, and the dashed lines are the corresponding
linear fits of the 5th and 95th percentiles.

According to our measurements, the combination of
higher N and smaller ED ice crystals is characteristic for
ML cirrus. The cause of that can be manifold; more anthro-
pogenic activities, including aviation, at mid-latitudes result
in higher aerosol and ice nuclei loads in the upper tropo-
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Table 2. Median, 25th percentile, and 75th percentile of the microphysical properties N, ED, and IWC in mid- and high latitudes during

CIRRUS-HL.
-3 -3
Latitude N (em™3) \ ED (um) \ IWC (gm~3)
25% Median  75% | 25% Median 75% | 25%  Median 75%
MLcirrus 00007 00086 004 | 98 165 222 | 0.00037 0.0033 0.015
HLcirrus 000018 0001 0.0092 | 146 210 329 | 0.00021 0.0019 0.011

sphere. Gayet et al. (2004) also found higher N and lower ED
in the more anthropogenically influenced Northern Hemi-
sphere with respect to the more pristine Southern Hemi-
sphere. Aviation-induced cirrus tend to have high number
concentrations and lower ED for several hours after their for-
mation (Voigt et al., 2017; Schumann and Heymsfield, 2017;
Schumann et al., 2017). In general, it is difficult to distin-
guish aged contrails from thin natural cirrus unaffected by
aviation (Li et al., 2022) or embedded contrails in natural
cirrus (Unterstrasser et al., 2017a, b), in particular, as the in-
fluence of air traffic over Europe is omnipresent (Voigt et al.,
2017; Schumann and Heymsfield, 2017).

In contrast to the ML cirrus, we often find that HL cir-
rus have lower N but larger ED, which could be attributed
to the uptake of the ambient water vapour by few INPs and
the further growth of a smaller number ice crystals that thus
allow larger sizes. The resulting number concentration of the
ice crystals depends on the temperature, the updraft, and the
number of INPs, as well as their capability to nucleate ice
(Kircher et al., 2006). Wolf et al. (2018) also found lower
N at high latitudes and identified higher concentrations of
INPs at the mid-latitudes compared to the Arctic as a pos-
sible explanation. Beer et al. (2022) analysed global model
simulations under cirrus formation conditions and showed
higher number concentrations of INPs (about 0.1 cm~3) and
higher number concentrations of newly formed ice crys-
tals (about 0.001 cm_3) between 30—-60° N compared to 60—
90° N. However, a confirmation from airborne measurements
of INPs is very challenging, as measurements in the cir-
rus regime with temperatures lower than —38 °C are very
scarce. DeMott et al. (2003, 2010) reported different mea-
surements of ice particle residuals at temperatures > —40°C
and showed a large variability in INP number concentrations,
depending on regional and seasonal changes in the aerosol
sources. Typically, mineral dust particles are found to have
a high nucleation efficiency (DeMott et al., 2003), and black
carbon (BC) particles from anthropogenic sources also act as
INPs. In particular, the importance of aviation soot particles
as ice nuclei is not yet well determined. A number of studies
investigated the aviation soot impact on cirrus and showed
a large range of possible model results, evidencing the un-
certainty that exists in this regard (Hendricks et al., 2011;
Gettelman et al., 2012; Zhu and Penner, 2020; Righi et al.,
2021).
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A comparison between the temperature profiles of ED and
N in ML (red) and HL (blue) cirrus is presented in Fig. 3
and sorted in 2.5 °C temperature bins. We show the tempera-
ture along the vertical axis as a representation of altitude. In
Fig. 3a, we observe a clear decrease in the ED with decreas-
ing temperature for both ML and HL cirrus. Both profiles
cover a similar temperature range and correspond to altitudes
between 8.5 and 13.5 km, with fewer measurements at high
latitudes. The same decrease in the ED is also observed as
a function of altitude. This effect has already been observed
in previous studies and can be explained by reduced atmo-
spheric water content at lower temperatures (or higher alti-
tude), together with the different altitudes at which in situ
and liquid origin cirrus exist (Luebke et al., 2016; Wernli et
al., 2016). With increasing altitude (decreasing temperature),
cirrus origins change from cirrus dominated by the liquid
origin regime with larger ice particles to in situ origin cir-
rus with smaller particles (see also Voigt et al., 2017). This
is expected, due to the low-altitude origin of the liquid ori-
gin cirrus (Luebke et al., 2016). Larger particles can also be
found at higher temperatures (lower altitude) resulting from
sedimentation processes.

Between —50 and —38 °C, we find a remarkable differ-
ence between the 25th and 75th percentiles in the ED be-
tween ML and HL cirrus. This fact probably indicates a more
dominant influence of liquid origin cirrus at the high latitudes
with enhanced sedimentation as a result of the larger particles
at these latitudes. From the temperature profiles, we can con-
firm the larger EDs observed at high latitudes in the general
picture of Fig. 2b. Higher EDs in HL cirrus compared to ML
cirrus are observed in almost all temperatures. To confirm
this finding, we use the U test according to Wilcoxon, Mann,
and Whitney (mannwhitneyu function from the Python sub-
package scipy.stats) to assess whether there is a statistically
significant difference between the ML and HL medians per
temperature bin for ED (and also for N). The null hypothesis
that the distributions are equal was rejected for all cases with
p value < 10_6, except for the ED medians between —58
and —55.5°C with a p value = 0.028. Therefore, we con-
clude that the observed differences are statistically signifi-
cant. Between —45 and —38 °C at mid-latitudes, we observe
high ED values in the Ist to 99th percentiles. These events
are connected to isolated convective systems over Germany,
with an enhanced growth of the ice particles.
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Figure 3. Distribution of (a) ED and (b) N observations sorted in temperature bins of 2.5 °C for ML (red) and HL cirrus (blue) and (c) a
histogram of the total frequency of observations per temperature bin for each group. The thicker solid lines correspond to the median values
per temperature bin. The dark shaded areas between the dashed lines comprise the 25th and 75th percentiles of the population. The lighter
shaded areas mark the extension between the 1st and 99th percentiles. The black asterisk indicates a low statistically significant difference
between medians. Blue and red asterisks indicate low statistics in HL and ML data, respectively (see the text for further details).

Contrary to the ED, N does not show a clear tendency
with decreasing temperature in either case. However, the N
in ML and HL cirrus differ at all temperatures by about an
order of magnitude, which is more pronounced at lower tem-
peratures. However, the ML cirrus coldest temperature bin,
which mostly contains high N, has reduced statistics with a
total of 119 2's samples measured from four different cloud
sequences. Between —62 and —55 °C, there is an enhance-
ment of N in ML cirrus associated with a steeper decrease
in ED, which is probably connected to contrail formation.
According to Briuer et al. (2021a), contrail conditions are
favourable between —50 and —60 °C. Here contrails have the
highest extinction coefficients. This corresponds to altitudes
between 9.5 and 11km, where short- and medium-range
commercial flights are typically located. Contrails are fre-
quently present in ML cirrus above central Europe. Here, we
mostly find high N and low ED around —55 and —60°C in
our data set. High N values (> 1cm™3) in the other tempera-
ture ranges are rare and represented by the outliers, which do
not impact the medians. Measurements of HL cirrus below
—55.5°C are less representative, with 210 counts in total. In
particular, between —63 and —60.5 °C, we find 22 2 s consec-
utive samples from the same cloud sequence. Between —60.5
and —58°C three different cloud sequences were probed,
with a total of 40 counts. Fluctuations in ED in HL in these
temperature ranges in Fig. 3a can thus be explained by the
reduced statistics.

In addition, we examined whether part of the cirrus were
measured in the stratosphere, as stratosphere-penetrating ex-
tratropical convection is most likely to occur during summer
(Dessler, 2009). In addition, the tropopause (TP) height vary
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strongly between 35 and 50° N, and the cirrus measurements
of high and mid-latitudes could be differently distributed
with respect to the TP height (Dessler, 2009). In order to de-
rive the altitude of the cirrus measurements with respect to
the TP, the TP height was extracted from the data set Hoft-
mann and Spang (2021), and the definition used was from
the WMO (World Meteorological Organization), which in-
cludes the first TP height from ECMWEF’s reanalysis ERAS
data (Hoffmann and Spang, 2022). The absolute frequency
distribution of the HL. and ML cirrus altitudes with respect
to the TP is shown in Fig. S2 and reveals similar profiles be-
tween mid- and high latitudes. From all data points, 2.6 %
were measurements above the TP, with only 0.2 % belonging
to HL cirrus, and most of the measurements were performed
in the upper troposphere at around 1 km below the TP. We do
not observe a substantial influence of stratospheric clouds,
and there is an even smaller contribution at high latitudes.

4.2 Relating ice cloud microphysical properties to the
location of cloud formation

The main approach of this study is the analysis of cirrus mi-
crophysical properties, depending on their latitude. So far,
we have classified the data in ML and HL cirrus using a lat-
itude threshold at 60° N regarding the measurement point.
Now, we investigate the meteorological conditions at the
time of cirrus formation and how they affect the observed
microphysical properties. Following this strategy, we obtain
the following four categories: cirrus formed and measured
at mid-latitudes (M-M), cirrus formed at mid-latitudes and
measured at high latitudes (M—H), cirrus formed at high
latitudes and measured at mid-latitudes (H-M), and cirrus
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Figure 4. IWC (colour coded) along three example trajectories
from the cirrus classifications of formation and measurement at high
latitudes (H-H, blue); formation at mid-latitudes and measurement
at high latitudes (M-H, green); and formation and measurement at
mid-latitudes (M—M, orange). The formation point is indicated with
a purple star.

formed and measured at high latitudes (H-H). Examples of
backward trajectories for each group are shown in Fig. 4. The
H-M cirrus is excluded from the analysis, as it only contains
36 data points, and all of them are just at the limits of the
boundaries (see Fig. 5). In Fig. 4, the points with IWC > 0 in
the trajectory before the purple star indicate a previous for-
mation of ice within the air parcel which evaporated later.

Figure 5 shows the distribution of 2 s measurements for the
four categories delimited by the 60° N threshold and colour
coded according to ED. The three important categories are
M-M in the bottom left, M—H in the bottom right, and H-H
in the upper right. Using this categorization, we separate the
measurements previously classified as HL cirrus into cirrus
formed at high latitudes (H-H) and cirrus formed at mid-
latitudes and transported to high latitudes (M—H). The num-
ber of data points found in each category (4450 for H-H and
10753 for M—H) indicates that the category M—H contributes
more frequently to the Arctic cirrus observed in our measure-
ment campaign.

It becomes evident that the distribution of the measured
ED is connected with the latitude at the measurement point.
Yellow colours represent high EDs of up to 1000 um, and
the dark purple dots represent EDs of about 10 um. Higher
occurrences of smaller particles are measured in ML cirrus
and higher occurrences of larger particle sizes are found in
HL cirrus. The differences are smaller when looking at the
latitude of the formation of cirrus measured in high latitudes.
We can conclude that the measurement location has a larger
influence on the particle size than the formation region.

In order to investigate in more detail how the cirrus prop-
erties depend on their source region, Fig. 6 illustrates the
normalized frequency distributions of N, ED, and RH; of
the three categories. The maximum of the N distribution of
the M—M cirrus lies between 0.01 and 0.1 cm™3. In contrast,
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Figure 5. Correlation of latitude at the formation and latitude at the
measurement for 2 s measurement points. The colour indicates the
associated ED. Four regions are delimited with dashed black lines
and define the groups of H-H, M-H, and M-M (see the text for
details).

the highest probability in the H-H cirrus is shifted to signifi-
cantly lower values between 0.0001 and 0.001 cm™3. The M-
H cirrus distribution exhibits an intermediate behaviour. The
medians reflect the same observation, with 0.0086, 0.0018,
and 0.0004 cm™> for the M-M, M-H, and H-H cirrus, re-
spectively. The ED profiles in Fig. 6b show the opposite
trend, as do the medians (164, 206, and 225 um for M-M,
M-H, and H-H cirrus, respectively).

In addition, Fig. 6¢ shows the measured RH; for the three
categories. In general, the tropopause region in summer 2021
had a high occurrence of supersaturation both at mid- and
high latitudes. We observe a clear difference in the RH; dis-
tribution with lower RH; in M-M cirrus, with a median of
107 %, and higher values in the H-H cirrus, with a median
of 125 %. This can be explained by the lower ice crystal
concentrations at high latitudes due to the reduced availabil-
ity of INPs. The relative humidity is not sufficient to ho-
mogeneously nucleate new particles, and instead, the small
number of ice crystals available takes up the abundant wa-
ter vapour that increases their size. On the contrary, water
vapour at mid-latitudes is rapidly consumed by the availabil-
ity of many ice particles present in the upper troposphere,
which only leads to a moderate growth.

The M-M cirrus is 57 % of liquid origin and 43 % of in
situ origin in our data set. Regarding HL cirrus, on the one
hand we find that 90 % of the measurements corresponding
to the M-H cirrus have a liquid origin with a larger cloud
age. On the other hand, 86 % of the H-H cirrus data points
are classified as in situ origin cirrus. Therefore, M-H cir-
rus were formed from the liquid phase in a ML environment
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Figure 6. Relative frequency distributions of (a) N, (b) ED, and (c¢) RH; of the cirrus formed and measured at high latitudes (H-H in
blue), cirrus formed at mid-latitudes and measured at high latitudes (M-H in green), and cirrus formed and measured at mid-latitudes (M—M
in orange). The distribution of N is given in logarithmic bins. Linear bins of 15 um and 2.5 % width have been chosen for ED and RH;,
respectively. The corresponding median values of each variable and category are depicted with dashed lines.

rich in nucleating particles. Here many small particles were
nucleated in a first stage. Then, the air parcels are advected
northwards to high latitudes, bringing the clouds into a highly
supersaturated atmosphere and allowing the formed ice parti-
cles to grow. Cirrus measured at high latitudes can be clearly
distinguished from ML cirrus by the bimodality of the ED
distribution. The bimodality of the ED distribution of M-H
and H-H cirrus can be understood by two different processes;
these are higher ice crystal growth at high latitudes due to
the increased supersaturation, leading to the sedimentation
of large ice crystals from the upper layers, or different nucle-
ation times during their lifetime with an enhanced growth of
the larger mode, due to fewer INPs and high supersaturation.
These findings together clearly show an influence of the
ML origin in the development of cirrus at high latitudes,
which conserves the microphysical properties of the ML
cirrus while being transported to higher latitudes. In this
way, the formation region influences and defines the initial
ice crystal properties, which then mix or are modified dur-
ing their lifetime due to the different atmospheric condi-
tions. Thus, the largest fraction of clouds observed during
CIRRUS-HL originate from the mid-latitudes and, through
long-range transport, modify the HL cirrus. Opposite influ-
ences from high to mid-latitudes have not been observed.
We can conclude that latitudinal differences in microphys-
ical parameters are better understood when looking at both
the location of the ice crystal formation and the location of
the measurement. The region in which the ice crystals are
formed influences the initial cirrus properties, in particular
the initial N. The latitude at which the cloud particles were
measured determines the resulting state of the measured ice
crystal properties, which is strongly influenced by the RH;
throughout the cirrus life cycle and mainly affects the mea-
sured ED. Both processes are largely influenced by the up-
draft on small and large scales, which are discussed below.
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4.3 Liquid and in situ origin cirrus at mid- and high
latitudes

Some of the differences in the microphysics of the cirrus
measured during CIRRUS-HL discussed in Sect. 4.1 could
be attributed to a greater or lesser presence of in situ or lig-
uid origin cirrus at mid- or high latitudes. Here, we classify
the measurements making use of the information on LWC
and IWC along the backward trajectories after the formation
of ice in the cloud, as described in Sect. 3.2.2. We obtain the
following four groups with this division: in situ origin HL
cirrus, liquid origin HL cirrus, in situ origin ML cirrus, and
liquid origin ML cirrus.

The frequency of measurements of each group and their
microphysical properties in terms of ED and N are presented
in Fig. 7. Liquid origin cirrus were frequently measured at
mid-latitudes and were also the dominant type at high lati-
tudes. Liquid origin HL cirrus were observed almost as fre-
quently as the in situ origin ML cirrus. In situ origin HL cir-
rus, in turn, were the least measured. However, isolated rare
events are not well represented in the diagrams, due to the
calculation of contours by interpolation.

Larger particles than the total ED median value (180 um)
were found in both cirrus types at high latitudes, with larger
values for liquid origin cirrus. In situ origin HL cirrus were
rather thin, with N often under 0.004 cm™3, which is the me-
dian value of all data. The ED distribution of both cirrus types
at high latitudes exhibits two distinct maxima, as seen in the
M-H and H-H cirrus in Fig. 6b. Large EDs representative
of liquid origin cirrus are present in mid-latitudes, with some
outliers of high EDs and high N in convective cells also in-
volving precipitation particles. However, smaller EDs than
the median, even for the liquid origin cirrus, are more fre-
quent at mid-latitudes.

The observations at high latitudes generally agree well
with the measurements in the Arctic from Wolf et al. (2018).
However, high number concentrations are not found in our
in situ origin HL cirrus, in contrast to Wolf et al. (2018).
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Figure 7. Frequency of ED observations in counts as a function of N. The observations are separated into (a) in situ origin HL cirrus, (b)
liquid origin HL cirrus, (¢) in situ origin ML cirrus, and (d) liquid origin ML cirrus. The method to draw the contours uses a marching
squares algorithm. Vertical and horizontal solid red lines indicate the overall median values of ED and N, respectively, and are shown to
better illustrate differences. The total number of 2 s data points are given in the upper right corner of each panel.

The reason is that their measurements of Arctic in situ origin
cirrus were dominated by homogeneous nucleation events
driven by high updraft motions. Our analysis of the updraft
speed along the backward trajectories and the measured ver-
tical velocities indicate rather low vertical velocities. Specific
information on the updraft speeds along the backward trajec-
tories of each of the four categories can be found in Fig. S3.
In addition, orographic cirrus were not a target of the cam-
paign, and therefore, we do not expect mountain wave cir-
rus with high number concentrations. We assume that mainly
heterogeneous nucleation defined the cloud formation in our
data set. However, it should be noted that the temporal resolu-
tion of the parameters calculated along the trajectories is 1 h,
and therefore, the effects on the updrafts from small-scale
fluctuations and turbulence are not taken into account here.
The prevalence of heterogeneous freezing was also shown by
Froyd et al. (2022) at mid- and high latitudes in the Northern
Hemisphere during spring and summer, due to the suppres-
sion of homogeneous nucleation by intense dust emissions.
Saharan dust emissions were forecasted and reported during
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the campaign, but their influence on cirrus formation have
not been investigated in this work.

Greater differences are found among the in situ origin
cirrus. While in situ origin ML cirrus have higher N with
smaller ED, mainly between 70 and 250 um, in situ origin
HL cirrus are mostly composed of low number concentra-
tions that have large particles with ED between 150 and
450 um. As for the ED medians, the values of liquid origin
cirrus change from 188 um at mid-latitudes to 220 at high
latitudes, while the in situ origin cirrus change from 128 at
mid-latitudes to 189 um at high latitudes. We also draw the
reader’s attention to a feature in the bottom-right square of
Fig. 7c of in situ origin ML cirrus, which differs from the
in situ origin HL cirrus observations. Although we did not
quantify the contribution, we identified high concentrations
of small particles connected to young contrails, aged con-
trails, contrail cirrus, or embedded contrails in natural cirrus.
This feature is also weakly present in Fig. 7d of liquid origin
ML cirrus but substantially less pronounced. We discuss the
aviation influence in more detail in Sect. 5.2.
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Our previous analysis in Sect. 4.1 already suggested that
ML cirrus are more affected by contrail cirrus. As in Li et
al. (2022), we observe that in situ origin cirrus are more
strongly influenced by contrails than liquid origin clouds.
Liquid origin clouds are formed at lower altitudes, where
liquid droplets and ice crystals can coexist. Ascending mo-
tion, isobaric mixing, or radiative cooling can reduce the tem-
perature in the cloud with a subsequent increase in relative
humidity. The Wegener—Bergeron-Findeisen (WBF) process
leads to the growth of the ice crystals by water vapour up-
take from the evaporated liquid droplets and finally to the
complete glaciation of the cloud (Korolev, 2007; Costa et
al., 2017). The evolution of the liquid origin cirrus has suf-
ficient time to consume the available water vapour when the
cloud reaches the cirrus regime. Li et al. (2022) found that the
Schmidt—Appleman criterion for contrail formation (SAC) is
mostly not fulfilled in liquid origin clouds due to the warmer
temperatures at which they are located. Therefore, it is more
difficult to find the appropriate conditions for a contrail to
develop within a liquid origin cloud.

On the contrary, in situ origin cirrus form directly at high
altitudes, where air traffic is also present. If we imagine a
scenario in which an in situ origin cloud starts forming het-
erogeneously by the deposition of water vapour on INPs
and an aircraft exhaust jet is introduced, then the natural ice
particles to be formed would be substituted by the freshly
formed contrail that will severely affect the resulting micro-
physical properties. Contrail formation within cirrus can in-
crease the cirrus ice crystal number by a few orders of mag-
nitude (Schroder et al., 2000; Voigt et al., 2017; Schumann
et al., 2017), in particular if the pre-existing cirrus has high
ice water content and the supersaturation is low (Verma and
Burkhardt, 2022). In this sense, we can expect an influence
of contrail formation and growth on the formation process of
in situ origin cirrus at cruise altitudes by an increase in the N
and reduction in ED.

Additional information on the properties of the cirrus
groups is given by their particle size distributions (PSDs).
Knowing the ice crystal size distribution is vital, in order to
derive the radiative impact of cirrus. The representation of
PSDs of the four groups is not a trivial task in this case. We
usually find, in other publications, the mean PSD being rep-
resentative of a considered data set. However, our campaign
deals with a wide variety of situations, including outliers,
which were in fact infrequently observed but that strongly
dominate the mean. These events are, in our case, contrails
and convection encounters. This implies that the mean PSD
fails to identify the averaged behaviour in the group, and
the use of medians appears to be a better choice for this
case. However, due to the low concentrations in cirrus and
the lower sampling efficiency of the CDP compared to the
CIPgs and PIP, the lower bins are frequently empty in the
2 s sampling rate and do not allow a median value calcula-
tion. Therefore, we increase the averaging intervals to 180s
to calculate the median concentration in each size bin. Sensi-
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tivity analyses were performed to select the 180 s averaging
interval.

The calculated PSD median values are shown for each cir-
rus group in Fig. 8a and the means in Fig. 8b are also in-
cluded for comparison. The median concentrations in each
bin of the liquid origin cirrus are higher than for the in situ
origin cirrus for particles > 20 um at both mid- and high lat-
itudes, and the former covers a larger size range than the lat-
ter, which is consistent with previous observations (Kriamer
etal., 2016; Luebke et al., 2016). The median PSDs of liquid
and in situ origin ML cirrus have higher concentrations than
HL cirrus. Both ML cirrus profiles have the same behaviour
in the smaller bin range (2—-100 um), and they differ in the
larger sizes. The liquid origin cirrus reveal a second mode,
which is slightly less pronounced than at high latitudes, and
the in situ origin ML profile decays fast without a second
mode.

As for the mean values, we detect two clear outlying fea-
tures. First, the size range in liquid origin ML cirrus is larger,
which is a consequence of the isolated convective events that
were encountered. Second, the large number concentrations
of small crystals for the in situ origin ML cirrus clearly show
that the microphysics of in situ origin ML cirrus were af-
fected by contrails. The difference in the concentration of
the lower bins (from 2 to 10 um) between the median and the
mean is about 2 orders of magnitude. Then, the mean con-
centration decays and almost converges with the median at
about 40 um. In general, the median PSDs exhibit lower con-
centrations than the means in all bins for the four groups,
which is expected due to the right skewness of the lognor-
mal distribution. The mean and median show that the larger
the differences, the more outliers there are in the distribution.
The PSDs of the in situ and liquid origin HL cirrus show a
weaker influence of outliers, as the medians profiles do not
differ much from the means.

In Fig. 8c, we show another way to represent the radia-
tive impact of cirrus through By, which is often used to
assess the climate impact of contrails (Bréuer et al., 2021a;
Voigt et al., 2021). For a certain IWC, the extinction is larger
when the ice mass is distributed in smaller crystals (Unter-
strasser and Gierens, 2010). We observe higher extinction
coefficients for the liquid origin cirrus at HL and ML, with a
slightly higher median for ML, when compared to the in situ
origin cirrus. This is expected, due to the higher IWC of the
liquid origin cirrus. The lowest extinction corresponds to the
in situ origin HL cirrus, since the N is lower, and the ice par-
ticles are larger, which reduces the extinction and the radia-
tive impact. In line with the PSDs, here we also see a stronger
difference between the in situ cirrus at HL and ML with a
shift to larger extinctions at ML. In addition, both frequency
distributions of ML cirrus show a small mode at 1km™!,
which is frequently observed in young contrails (Febvre et
al., 2009; Voigt et al., 2011; Gayet et al., 2012; Briuer et al.,
2021a).
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Figure 8. (a) Median, (b) mean particle size distributions (PSD), and (c) extinction coefficient (Bext) of the following groups: in situ origin
HL cirrus (light blue), liquid origin HL cirrus (navy), in situ origin ML cirrus (light red), and liquid origin ML cirrus (dark red). Median
PSDs are indicated with thick lines and means with thinner lines. The frequency of occurrence of Sext was calculated in logarithmic bins and

fitted with B splines.

The increased humidity in the upper troposphere during
the campaign period can contribute to more persistent con-
trails, which can be particularly warming (Wilhelm et al.,
2022; Teoh et al., 2022; Wang et al., 2023). However, the po-
tential contrail cirrus cover is the lowest during summer over
Europe (Dischl et al., 2022). The increase in air temperature
in summer hinders the formation and persistence of contrails,
and their radiative effect is mostly cooling because of the in-
creased Sun hours in summer in the North Atlantic corridor
(Teoh et al., 2022). Our study confirms a low frequency of
direct observations of contrail encounters. Even though they
do not dominate the campaign observations, and therefore are
not representative of the general picture, the mean PSD of in
situ origin ML cirrus shows how strongly contrail encoun-
ters can affect the cirrus microphysics with an enhancement
of smaller particles. More importantly, our analyses indicate
that the higher number concentration and smaller particles
indeed describe the microphysical properties of ML cirrus
compared to lower concentrations and larger ice crystals at
the more pristine high latitudes.
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5 Discussion of limitations

5.1 Influence of the method

The selection of the latitude threshold of 60° N is a critical
aspect in our study, as it determines the differentiation be-
tween mid- and high latitudes and, at the same time, our cir-
rus classification. We performed a sensitivity study and var-
ied the threshold between 55 and 65° N (see Fig. S4). Here,
we show that the variation in the threshold does not alter the
existence of the described differences between the three cir-
rus groups, even though it influences the absolute values of
the medians. In addition, Fig. 2b shows a continuous ten-
dency of increasing effective diameter from mid- to high lat-
itudes, which shows that the differences between ML and HL
cirrus are continuous and do not depend on the threshold.
The classification of cirrus origins of our in situ measure-
ments is susceptible to uncertainties, as trajectories were ini-
tiated along the flight track every 10s, which corresponds
to ~ 2km in horizontal scale. We assume that cirrus mea-
sured in this interval have the same origin. In addition, the
model parameters calculated along the trajectories are ave-
rages of grid points in a &~ 50km x 50km domain that does

Atmos. Chem. Phys., 23, 13167—13189, 2023



13182

not capture the smallest local variations. We use the verti-
cal motion along trajectories to separate processes connected
to our measurements. However, our trajectory approach ex-
cludes the analysis of the impact of small-scale temperature
and wind fluctuations on cirrus formation. The accuracy of
the approach is difficult to assess, as the associated uncer-
tainty is very inhomogeneous; it depends on the location and
the meteorological situation. Nevertheless, we yield convinc-
ing results from our classification method, which are in line
with previous publications (Krimer et al., 2016, 2020; Lue-
bke et al., 2016; Wernli et al., 2016).

5.2 Aviation influence

Even though the conditions for contrail formation are not
as favourable in summer compared to winter (Dischl et al.,
2022), and even though the air traffic was still reduced in
2021 due to the COVID-19 pandemic (ICAO, 2022; Schu-
mann et al., 2021; Voigt et al., 2022), we could identify an
influence of contrail formation and interaction with natu-
ral cirrus in our data set. We did not focus on a methodi-
cal approach to differentiate contrails or contrail cirrus from
natural cirrus (Li et al., 2022), but we considered nonnat-
ural cirrus to have measurements with N > 0.1cm™> and
ED > 40um (lower right section of Fig. 7c). In general, we
did not observe high updraft speeds during the campaign —
neither from the trajectories nor from the in situ measure-
ments (see Fig. S3). In particular, the events with high N and
low ED were also not associated with high updraft speeds
that could lead naturally to strong cooling rates and an out-
burst of small ice crystals. Additionally, we supported the
analysis with flight reports and contrail cirrus predictions.
With this information, we are able to indicate the existence of
an aviation influence and identify this influence on the prop-
erties of the described cirrus groups.

5.3 Representativeness

This study analyses the differences in the properties of the
cirrus that we measured during the CIRRUS-HL campaign
according to the latitude. The results are representative of
summer 2021; of the regions measured over the Arctic, North
Atlantic, and central Europe; and of the meteorological situ-
ations observed during the campaign. In this context, our cir-
rus observations cover a wide range of latitudes between 38
and 76° N and temperatures between —38 and —63 °C. The
statistical tests we performed indicate a sufficient statistical
significance of the differences that we found in these ranges,
but conclusions drawn on the coldest temperatures (between
—58 and —63 °C for HL cirrus and —60.5 and —63 °C for
ML cirrus) have to be viewed with caution, as the number of
observations is limited, and the samples are mainly from the
same cloud sequence. This implies that the observations are
correlated to some extent, as they are measured at approxi-
mately the same temperature and height. However, each 2s
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sample is horizontally separated by ~ 800m, and thus, the
cloud properties are not necessarily connected. In any case,
our measurements can be combined with future observations
to build a larger data set and gain a broader perspective.

6 Summary

In this study, we provide new insights into the microphysical
properties of the rarely observed Arctic cirrus and support
our analysis by backward trajectories of the cirrus air parcels
to investigate cirrus formation and evolution. Even though
other campaigns have been previously performed in this re-
gion (Schiller et al., 2008; Heymsfield et al., 2013; Kramer et
al., 2016; Wolf et al., 2018; Marsing et al., 2023), in situ data
on the full range of cirrus particle sizes remain limited at high
latitudes. Contrary to other campaigns at high latitudes, we
also measured cirrus at mid-latitudes during the same mis-
sion with the same instrumentation, which provided us with
a unique opportunity for comparison. The main findings are
stated and discussed in the following:

— High-latitude cirrus measured during summer 2021 are
characterized by lower concentrations and higher ef-
fective diameters than mid-latitude cirrus. Similar dif-
ferences in high-latitude cirrus were also observed by
Wolf et al. (2018), when compared to measurements at
mid-latitudes (Kramer et al., 2016; Luebke et al., 2016).
Similar to Wolf et al. (2018), we also suggest that the
reduced number of available ice-nucleating particles at
high latitudes could be possible explanation for these
findings. In situ measurements of INPs from Arctic cir-
rus are urgently needed in order to shed more light on
this issue.

— The upper troposphere in the summer 2021 was charac-
terized by high ice supersaturation, especially in high-
latitude cirrus (RH; ~ 125 %). Contrary to wintertime
observations in the Arctic by Wolf et al. (2018), which
included fast updraft lee wave cirrus, we often analysed
in situ origin high-latitude cirrus formed at lower up-
drafts. Different to the findings in Wolf et al. (2018), the
analysis of updraft speeds along the backward trajec-
tories indicates that heterogeneous freezing dominates
cirrus formation during this campaign.

— The Arctic cirrus originate from two processes. First,
the cirrus formed and measured at high latitudes con-
sisted mainly of heterogeneously formed in situ origin
cirrus nucleated in slow updrafts. Few ice-nucleating
particles and high relative humidity over ice produced
low ice number concentrations and larger effective di-
ameters. The high-latitude cirrus that had formed at
mid-latitudes were dominated by liquid origin cirrus
formed at mid-latitudes with higher number concentra-
tions and transported to high latitudes with a subsequent
growth of the ice crystals. This category is a mixture of
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the cirrus properties at mid- and high latitudes and rep-
resents how the mid-latitudes influence the properties of
cirrus at high latitudes. Both cirrus categories contribute
to the larger effective diameter and smaller number con-
centration measured at high-latitude cirrus compared to
mid-latitude cirrus.

— We discuss the selection of the latitude threshold of
60° N and the possible influence on the results. We
found slight variations in the microphysical properties
of the investigated cirrus groups, but the differences be-
tween them remain consistent, regardless of the chosen
threshold.

— Although both liquid and in situ origin cirrus at mid-
latitudes exhibit lower effective diameters more fre-
quently than at high latitudes, the differences between
in situ origin cirrus at mid- and high latitudes are more
substantial. We point out the contribution of contrail for-
mation within the in situ origin cirrus in flight corridors
at mid-latitudes to the differences observed between the
in situ origin cirrus in mid- and high latitudes (Voigt et
al., 2017).

— We discuss the influence of aviation in the data set and
its representativeness. Our results show a possible con-
tribution of contrail formation in the changes in the cir-
rus properties.

— We introduce the median particle size distribution as a
more suitable alternative representation than the mean
for our case, in order to obtain particle size distribution
that represent the typical values of sample groups with
high variability and strong outliers.

The introduction of the new cirrus classification by taking
into account not only the measurement location but also the
location at cirrus formation is an important insight for fu-
ture studies. As we show from our measurements, part of the
cirrus considered to be high-latitude cirrus are actually influ-
enced by mid-latitude air masses that change their properties.
In situ measurements of ice-nucleating particles in the cirrus
regime are needed to clarify the cause of the different cirrus
properties at high latitudes compared to mid-latitudes. Com-
bining in situ observations with modelling studies could pro-
vide further insights into the underlying processes influenc-
ing cirrus formation and cirrus cloud properties. The present
study aims to contribute to and enhance our knowledge of
cirrus formation processes and their microphysical proper-
ties in high and mid-latitudes in order to compile a database
for studies on their climate impact.
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